Catalase is a marker for peroxisomes, which are ubiquitous cytoplasmic organelles. Although the distribution and features of peroxisomes are well known in liver and kidney, these organelles have been rarely studied in neural tissues. Catalase is an important scavenging enzyme against reactive oxygen species, as it removes H202 produced during metabolic processes. Reactive oxygen species are involved in a number of brain lesions and in brain aging. We investigated the distribution of catalase in rat central nervous system by means of a newly developed immunocytochemical procedure for signal enhancement, using an affinity-purified polyclonal antiserum. The data show that catalase immunoreactivity is present in all neural cells, both neuronal and glial, albeit at different concentrations. Among glial cells, ependymal cells and tanycytes of the third ventride and the median eminence show the most intense immunoreaction; positivity is also found in oligodendrocytes and astrocytes. In general, neurons in the brainstem are relatively more immunoreactive than those in the forebrain although, within these respective brain regions, there are areas with low and high staining intensity. Moreover, within the same area, certain types 1253
Introduction
Reactive oxygen species (ROS) produced during metabolic processes are involved in brain damage and aging, because neural tissue is particularly rich in molecules that are susceptible to their attack (1) . Scavenging systems include small antioxidant molecules and enzymatic complexes, such as superoxide dismutases, glutathione peroxidases, glutathione reductase, and catalase. Catalase has also been shown to act like a neuronotrophic factor on central nervous system (CNS) cultures (2) . This enzyme is localized in the peroxisomes, cytoplasmic organelles first described in mouse proximal kidney tubules (3) and now known to be present in virtually every ' Supported by the Italian CNR, grant 92-03520-CTO4. and by the PHS. grant NS 09904. ' Correspondence to: Prof. M. Paola CerG, Dipartimento di Biologia di Base e Applicata. Universiti dell'Aquila, Coppito. Via Veroio 10, 67010 Wquila, Italy. of neuron appear more immunoreactive than others. The cell bodies in the septal nudei, pallidum, reticular thalamic nucleus, mesencephalic nucleus of the trigeminal nerve, Deiter's nudeus, locus ceruleus, cranial and spinal motor nudei, and the Golgi cells of the cerebellar cortex are among the most densely stained neurons. Catalase immunoreactivity of the cell bodies, which presumably is proportional to catalase content, appears to be only partially correlated with cell size or type of neurotransmitter used in the nerve endings; it is likely that other unknown parameters regulate the abundance of the enzyme. In many cases, highly immunoreactive cells correspond to neurons known to be resistant to ischemia-reperfusion injury, whereas weakly stained cells correspond to neurons that are more susceptible to ischemic damage. The amount of catalase may be critical for a protective effect against oxidative stress under pathological conditions, such as ischemia-reperfusion injury. (J Histochem cytochem 43:1253 (J Histochem cytochem 43: -1267 (J Histochem cytochem 43: , 1995 KEY WORDS: Peroxisomes; Central nervous system; Neurons; Glia; Tanycytes; Free radicals; Antioxidants. eukaryotic cell type (4). Peroxisomes are involved in several metabolic processes, such as acyl-CoA boxidation, biosynthesis of plasmalogens, bile acids, cholesterol and dolichol, amino acid metabolism, glyoxilate metabolism, and catabolism of purines, phytanate and pipecolate ( 5 ) . This information derives for the most part from studies on the liver, where peroxisomes are numerous and large and therefore are easy to isolate and characterize. In the CNS, peroxisomes are less abundant and smaller (0.1-0.2 pm diameter) and are more difficult to study (6.7). The importance of peroxisomes in the CNS is emphasized by the association between the absence or impaired function of peroxisomes and a number of genetic diseases, most of which involve severe neurological disorders (83). However, the exact roles of these organelles in neural tissues remain largely unknown. Recently developed immunocytochemical techniques, together with the classical cytochemical methods available for revealing catalase (10.11) and other peroxisomal oxidases (12), led to an extensive morphological characterization of peroxisomes in the tissues where they are most abundant; i.e., liver and kidney (13) (14) (15) (16) .
Much less is known about the distribution of peroxisomes in the nervous system, although cytochemical reactions for catalase and for D-amino acid oxidase have been applied with some success in brain at the ultrastructural level (7.17-20) . More recently, immunolocalization of catalase has been studied in the developing human brain (21) . At present, however, a complete map of the distribution of peroxisomes in the CNS is lacking. In this report we describe the distribution of peroxisomes in the adult rat CNS by means of a newly developed and extremely sensitive immunocytochemical procedure (22). using a polyclonal, affinity-purified antiserum against the peroxisomal marker catalase.
Materials and Methods
Antiserum. An affinity-purified rabbit antiserum against bovine liver catalase (Sigma; St Louis. MO) was a generous gift of Dr. M. Giorgi and was prepared as specified elsewhere (23).
Animals.
Twelve adult Sprague-Dawley rats of either sex. weighing about 250 g. kept on a standard laboratory diet and water ad libitum, were used for this study. All animals were housed and handled according to guidelines proposed by the Society for Neuroscience and the Italian National Research Council and were deeply anesthetized with pentobarbital (40 mg/kg b.w.. injected i.p.) before rapid sacrifice by transcardial perfusion with the fixative solution or by decapitation.
Light Microscopic Immunocytochemistry. Rats were perfused at room temperature (RT) with physiological saline, followed by a zinc-form01 fixative consisting Of 4% commercial formaldehyde, 0.5 % zinc salicylate, and 0.9% NaCI. pH 6.2 (24). The brains of all rats and the kidneys of three of them were removed 1 hr after perfusion and left for 48 hr at 4°C in a cryoprotectant solution (30% sucrose in physiological saline).
Serial sagittal or coronal brain sections, as well as kidney sections, were cut on a freezing microtome at 25 pm and collected in PBS, pH 7.3. The free-floating sections were incubated for 1 hr in 2% non-fat dry milk and 0.5% Triton X-100 under gentle agitation. After rinsing in PBS, sections were incubated in the primary antibody solution and then processed according to the conventional PAP protocol, the ABC protocol, or the amplification procedure of the avidin-biotin system, as described by Adams (22) . which is based on the deposition of biotinylated tyramine on the tissue through the enzymatic action of peroxidase. Primary antibody was diluted 1:lOO for PAP and ABC protocols, and 1:2000 for the Adams procedure.
Biotinylated secondary antiserum, normal goat serum, and avidin-biotin-HRP (standard ABC kit) were obtained from Vector (Burlingame. CA), NHS-biotin from Pierce Chemical (Rockford, IL), and tyramine and DAB (3,3'-diaminobenzidine) from Sigma. Each step was followed by extensive washing with PBS. Some sections from the brain and kidney were processed with the classical ABC or peroxidase-anti-peroxidase method. The sections were mounted in 3:l glycerol-0.4 M phosphate buffer, pH 7.4, and sealed with nailpolish. For controls, (a) pre-immune serum was substituted for the primary antiserum, (b) the primary antiserum incubation step was omitted, or (c) the primary antiserum was previously adsorbed with an excess of antigen used for immunization. Control sections were free of immunoreaction product; only ependymal cells occasionally showed faint aspecific staining.
Pre-embedding Electron Microscopic Immunocytochemistry. Rats were perfused with a calcium-free Ringer's variant saturated to pH 7.3 with 95% 0 2 and 5 % CO*. followed by 4% freshly depolymerized paraformaldehyde with or without 0.1% glutaraldehyde in 0.12 M phosphate buffer (PB), pH 7.3. One hour after perfusion, the brains were dissected out and cut coronally on a Vibratome at 30-40 pm. Sections were collected in PB and then transferred to PBS containing 2% non-fat dry milk and 0.1% Triton X-100 for 1 hr. Sections were then incubated in primary antibody diluted 1:2000 in PBS containing 1% non-fat dry milk and 0.05% Triton X-100 for 24 hr at 4"C, under gentle agitation. and finally they were treated as specified above. After the immunoreaction. slices were post-fixed in os04 and uranyl acetate, dehydrated, flat-embedded in Epon. remounted on Epon blanks, and sectioned on an ultramicrotome. Ultra-thin sections were contrasted for 3 min with lead citrate and photographed in an electron microscope operated at 80 kV.
Post-embedding Electron Microscopic Immunocytochemistry. Rats were sacrificed by decapitation and small pieces of spinal cord and kidney cortex were immersed in 1% freshly depolymerized paraformaldehyde with 0 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, containing 0.05% CaC12, for 1 hr at 4'C. Samples were rinsed in buffer, partially dehydrated (up to 95% alcohol), and embedded in LR White (Agar Scientific; Stanted, UK) at 50°C for 24 hr. Tissue blocks were cut on an ultramicrotome and ultra-thin sections were processed for immunogold technique. Grids were pre-incubated with 10% normal goat serum in 10 mM PBS containing 1% bovine serum albumin (BSA) and 0.13% NaN3 (Medium A) for 15 min at RT. Sections were then incubated with primary antibody diluted 1:20 in Medium A for 1 hr at RT. After rinsing in Medium A containing 0.01% Tween, sections were incubated in goat anti-rabbit IgG conjugated to 15 nm colloidal gold (British BioCell; Cardiff, UK) diluted 1:20 in Medium A containing fish gelatin for 1 hr at RT. Grids were thoroughly rinsed in distilled water, contrasted with 2% uranyl acetate for 20 min. and photographed in an electron microscope operated at 80 kV.
Results

Speczficity of the Antiserum
The polyclonal antiserum was tested for specificity by immunoblotting of the antigen itself and of a crude particulate fraction of brain homogenate, obtained by centrifuging the postnuclear supernatant of rat brain homogenate at 18,000 x g for 30 min (Figure 1 ). Controls performed by either omitting the primary antiserum (Figure 1) or using the primary antiserum previously adsorbed with excess antigen (not shown) did not reveal any band corresponding to purified catalase.
Kidney
Light Microscopic Immunocytochemistry. In the kidney, a strong immunoreactivity to catalase highlighted the proximal convoluted tubules. Darkly stained granules of the same size as the previously described peroxisomes (0.5-2 pm) were confined to the cytoplasm of the proximal tubule epithelial cells, mainly in the basal pole ( Figures 2a and 2b ). In the inner cortex, towards the corticomedullary junction, proximal convoluted tubules showed particularly numerous and large catalase-positive bodies, in accordance with previous studies (for review see 25). A very weak signal was detected in the distal tubules, whereas glomeruli, Henle's loops, and collector ducts were negative. The optimal primary antibody dilution was 1:50,000 with the Adams procedure, whereas a dilution of 1:200 was necessary to reveal catalase by conventional ABC or PAP methods.
Post-embedding Electron Microscopic Immunocytochehtry.
In the kidney cortex, colloidal gold particles were always concentrated on cytoplasmic organelles clearly identifiable as peroxisomes, whereas only a few particles were found scattered in the cytoplasm, 
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Light Microscopic Immunocytwhemistry. A very weak signal was obtained with either the PAP or the ABC immunocytochcmical mcthod. even with a high conccntrarion of the antibody. Thc only strongly positive ncurons wcrc the large neurons of the red nucleus. deep cerebellar nuclei. lateral vestibular nuclcus, nucleus of the mcscncephalic trigcminal tract, and gigantocellular rcticular nucleus (data not shown). The Adams procedure rcquircd a primary antibody dilution of 1:2OOO to reach a satisfactory signal-tonoise ratio. With this mcrhod. on which the following description is based, virtually all glial and neuronal cclls containcd some granular immunorcaction product. Intense immunostaining, which was distinctly dctcctablc at low magnification. was obscrvcd only in certain typcs of cclls. In othcr cells the immunopositivc granules were evident only undcr observation with high-powcr oil-immersion
Icnscs.
Neurons. In the main olfactory bulb, rarc small neurons located in the glomerular layer and scattcrcd medium-sizcd neurons in thc internal granular layer wcrc intcnscly stained (Figurc 3a) . whcrcas mitral and ruftcd cells wcrc only faintly stained.
Scattcrcd cells in Lavers la and 3 of the anterior olfactory nucleus were distinctly immunorcactivc ( Figure 3b ).
In theccrcbral ncocortex. scattered small neurons in all the layers and many small ncurons that formed a band at thc hordcr of Layer VI and the white mattcr showed intcnsc positivity (Figurc 3c) . and pyramidal cells of Layer V wcrc modcratcly stained.
In the remainder of rhc telencephalon. thc highest dcgrcc of immunostaining was sccn in rhc septal complcx. cspccially in the medial scptal nucleus and thc nuclei of thc diagonal band of Rroca (Figure 3d ). A remarkable immunostaining was also found in neurons of thc globus pallidus and the ventral pallidum. as wcll as in scattcrcd. mediumto large-sizcd ncurons of thc caudate putamen. These neurons must correspond to local circuit ncurons. because the numerically predominant mcdium-sizcd spiny neurons. which are the projection neurons. were faintly staincd ( Figure 4a ).
In rhc hippocampal formation. many small neuronsof the subicular complex wcrc catalasc-positive: the pyramidal cclls of ihc CA3 region showed intense immunoreactivity. whereas little immunostaining w a s observed in thc pyramidal neurons of the CAI region ( Figure 4b ). lntcrncurons scattered in all layers. however. wcrc dcnscly staincd. These cells resemble GARAcrgic neurons (26) in size and distribution.
In the diencephalon. the hypothalamic area containcd a small group of strongly immunoreactivc medium-sizcd cclls situated in a rostromcdial parafornical position (Figurc 5a). Thesc cells d o not exactly correspond in location to any of the nuclci outlined in that region in rhc atlas of Paxinos and Watson (27) . In thc thalamus. most of the nuclei wcrc weakly stained. Howcvcr. the anterodorsal nucleus and thc reticular nucleus, which rcspectivcly contain prcsumcd glutamatcrgic and GABAcrgic neurons. showed a much more distinct immunoreaction (Figure 5b ).
In thc mesencephalon. the magnocellular ruhral neurons werc extremely immunorcactivc and the neurons of thc oculomotor nuclcus wcrc markedly labeled ( Figure 5c ); intense immunostaining was also dctcctcd in thc locus cerulcus ( Figure 6a ). Many ncurons of the deep gray mattcr of thc superior colliculus appcarcd relativcly rich in catalase (not shown). Littlc immunorcaction product was sccn in the infcrior colliculus. Cclls in the pars rcticulata and the pars latcralis of the substantia nigra and in the vcntral tegmcntal area of Tsai appearcd intensely immunorcactivc. whereas little staining was seen in the pars compacta ( Figure 6b ).
Many nuclei of the hindbrain showcd high immunoreactivity. Thc srrongcst signals wcrc scen in the ncurons of the nucleus of thc mescnccphalic tract of the trigeminal ncrvc. including its midbrain portion (Figures 5c and 6a ), most of the cranial motor nuclci (Figures 5c and 6c ). and the gigantocellular reticular nuclcus (Figurc 6d) . The ncuronsof the inferiorolivarycomplcx. thc vcstibular nuclei. and the cercbcllar nuclci wcrc strongly positive (Figure :a) . In the cercbcllar cortex. thc immunoreaction product was conccntrated in the Golgi cells of the granular layer (Figure 7b ): Purkinjc cells wcre usually ncgativc. although moderate immunorcactivity was occasionally observed (Figurcs 7a and ?b) . No distinct signal was sccn in the granule. stellate. and basket cells.
In the spinal cord, motor neurons forming Rcxed's Lamina IX were intcnsclv staincd: morcovcr. large ncurons in Lamina VIII.
as wcll as small neurons in Lamina X. showed distinct immunoreactivity (Figure ?c) . Gha. In both gray and white matter, astrocytes and oligodendrocytes were immunostained (inset in Figure 4b; Figures 3a. 3b , and Sb) with little topographic variation. Ependymal cells showed a high degree of immunoreactivity (Figures 6a. 6c, and 7) . Striking immunoreactivity was observed in tanycytes bordering the third ventricle and the median eminence (Figure 7d ). The immunostaining extended from the cell body to the long radial processes with unabated intensity. Endothelial Cells. Endothelial cells were never distinctly labeled in our sections. Large granules were absent in the cytoplasm of endothelial cells in blood capillaries from all brain regions analyzed.
Tabulation. In a semiquantitative attempt to summarize the above data, we have listed the major centers that show distinct immunoreactivity on a scale of + / + + + + (Table 1 ). Individual nuclei are indicated according to the nomenclature in the rat brain atlas of Paxinos and Watson (27 Electron Microscopic Immunocytochemistry. For pre-embedding immunocytochemistry, the nucleus of the mesencephalic tract of the trigeminal nerve was selected, since this nucleus appeared densely immunostained with anti-catalase at the light microscopic level. The immunoreaction product was detected in large neurons, concentrated in membrane-bound bodies measuring 0.3-0.5 pm, which we interpreted as large peroxisomes (Figure sa) . No crystalline core was detectable in these organelles. Smaller immunoreactive peroxisomes were rarely encountered. In neurons, immunoreac- tive peroxisomes were commonly found in the perikarya, whereas they were usually absent in dendrites and axons. In general, no immunopositive material was observed outside the presumptive peroxisomes, although some Golgi cisternae were occasionally slightly stained. Other organelles, such as lysosomes, mitochondria, and endoplasmic reticulum, were immunonegative. Positive peroxisomes were also found in glial cells, including astrocytes, oligondendrocytes. and ependymal cells (Figures 8b-8d ). Oligodendrocytes contained smaller peroxisomes than those observed in neurons, and astrocytes and ependymal cells contained peroxisomes as large as those observed in neurons. In spinal cord specimens submitted to post-embedding immunocytochemistry, gold particles were very few and scattered in neuronal and glial cells, with no special correspondence with any cell structure (not shown).
Discussion
In this study we have obtained the first complete map of peroxisomes in the adult rat CNS. This was made possible by production of an affinity-purified rabbit antiserum to catalase and by a new immunocytochemical procedure that allows great intensification of the immunoreaction product (22).
Me tho do LogicaL Considerations
Specificity of the antibody was demonstrated by immunoblotting performed with brain homogenate. Moreover, the same antibody, as revealed by light and electron microscopic immunocytochemistry, was detected only in peroxisomes within cells of proximal convoluted tubules (25). These results support our conclusion that the affinity-purified rabbit serum utilized in this study specifically immunolabels peroxisomal catalase. Control sections were free of immunoreaction product, which indicates that the staining was not caused by crossreactivities engendered by the other immunoreagents.
The absence of crystalline cores in the large neuronal and glial peroxisomes is in accordance with pictures obtained with histochemical methods for catalase (7, 17) . The paucity of small peroxisomes in the neurons in our immunoelectron micrographs, compared with pictures obtained with the histochemical method, is presumably due to methodological limitations of the pre-embedding method. This protocol requires detergent permeabilization of the sections to ensure penetration of all immunoreagents across the perixisomal membrane. One can envision that membrane permeabilization adversely produced leakage of the non-crystalline antigen from the peroxisomes which, combined with a low titer of antibodies, resulted in a low sensitivity of the immunocytochemical procedure. This assumption is in accord with the fact that the signal obtained in brain sections was weak unless the sensitivity of the procedure was intensified by at least one order of magnitude with the biotinylated tyramine method of Adams. On the other hand, a post-embedding immunogold procedure performed on LR White sections did not yield positive results in brain tissue, at variance with kidney. The immunogold protocol applied to cryo-ultrathin sections may be required to reveal the entire complement of peroxisomes in neurons by electron microscopic immunocytochemistry.
Distribution of Peroxisomes
We have shown that catalase is present in virtually all neural cells, both neuronal and glial, albeit at different concentrations. The brainstem contains relatively more immunoreactivity than the forebrain. However, within these respective brain regions there are areas of low and high staining intensity. Moreover, within the same area, certain types of cells appear more immunoreactive than others.
Large neurons generally appeared more immunoreactive than small ones. The heavily immunoreactive neurons belonging to the mesencephalic trigeminal nucleus, the red nucleus, the cerebellar nuclei, the vestibular nuclei, the reticular formation, and the cranial and spinal motor nuclei support the hypothesis of a direct correla-tion between catalase content and cell size. However, we observed several examples of faintly stained large cells (i.e., mitral cells and Purkinje cells) and, conversely, we noted certain small neurons (i.e., in the anterior olfactory nucleus, in Layer VI of the cortex, in the hippocampal formation, and in the reticular thalamic nucleus) that were densely stained. In some cases, such as the scattered small neurons in the hippocampal formation, the small neurons in Layer VI of the neocortex, the Golgi cells in the granular layer of the cerebellar cortex, and the reticular thalamic nucleus, the stained neurons resemble GABAergic cells in size and distribution (26). However, a correlation between neurotransmitter type and high immunopositivity for catalase is not always possible. For example, small neurons of the cerebellar nuclei and of Layers 1 and 2 of superior colliculus, which are known to be GABAergic (26), were faintly stained. Furthermore, aminergic cells of the locus ceruleus were densely stained, whereas aminergic neurons in the substantia nigra pars compacta were only weakly stained. Intense immunoreactivity was found in motor neurons, which are cholinergic, and in large rubral neurons, which are presumably glutamatergic. These findings lead us to conclude that the concentration of neuronal peroxisomes is only partially related to cell volume and neurotransmitter type, and may be primarily correlated with other parameters, which are at present not known.
Glial cells also show catalase immunoreactivity. Astrocytes and oligondendrocytes are richly endowed with catalase. This is especially true in the olfactory nerve layer of the olfactory bulb, the lateral olfactory tract, the corpus callosum and the spinal cord, in agreement with previous reports (7, 21) . Astrocyte immunoreactivity appears strongest at the pial and vascular end-feet, suggesting a role for peroxisomes in the metabolism of molecules passing the blood-brain barrier. Concerning oligodendrocytes, work in progress indicates that catalase immunostaining in oligodendroglial cells is stronger in the early postnatal rat brain than in the adult, thus supporting the suggested role of peroxisomes in myelin formation (19, 28) . In fact, peroxisomes are responsible for the synthesis of plasmalogens (29), which constitute one third of myelin phospholipids. Ependymal cells and tanycytes of the third ventricle and the median eminence are extraordinarily well stained both in their cell bodies and in their processes, suggesting a correlation between peroxisomes and absorptive functions.
Catalase as a Marher for Spec;fzc Cel'l' Popul'ations
Although our data are in agreement with previous studies indicating that peroxisomes are ubiquitous organelles, the results presented in this study highlight the diversity with which catalase, like many other proteins, is expressed among neural cells. In several brain regions, such as the olfactory bulb, the anterior olfactory nucleus, the hippocampal formation, the neocortex, the striatum, the hypothalamus, and the cerebellar cortex, strong catalase immunoreactivity distinguished categories of cells that may correspond to specific neuronal and glial populations. The examples of the tany-cytes of the third ventricle, the deep Layer VI neurons in the neocortex, and the parafornical hypothalamic neurons are particularly striking. Double labeling experiments will be necessary to ascertain the nature and synaptic connections of the intensely immunoreactive neurons. The deep Layer VI cells probably represent GABAergic interneurons (26). The strongly immunolabeled hypothalamic neurons presumably represent a special subpopulations of cells, which may include some, but not all, of the TRH-and enkephalin-positive neurons that project to the lateral septum (30,31).
Functional' consideration^
It is worth noting that many of the catalase-rich cells, such as pyramidal cells of the CA3 region of the hippocampus and the presumed GABAergic interneurons of the hippocampal formation, appear highly resistant to ischemia-reperfusion injury (32). Conversely, some brain regions showing a relatively low immunoreactivity to catalase, such as the pyramidal layer in the CA1 region of the hippocampus and the cerebral cortex, are extremely sensitive to ischemic damage (32-34). It is generally accepted that ischemic damage is mediated by reactive oxygen species (ROS); it therefore seems possible that high catalase levels, present in some neurons, may protect these cells against oxidative stress. Catalase has also been shown to produce a significant amelioration of cerebral infarct when administered in combination with superoxide dismutase (SOD) (35) . ROS are also involved in neuronal loss in many degenerative diseases, such as Parkinson's. In this context, it is worth mentioning that the pars compacta of the substantia nigra, which is primarily affected in Parkinson's disease, is faintly stained for catalase.
A general correlation between pathological conditions and ROS removal, however, cannot depend solely on catalase, as there are other metabolic processes leading to their neutralization (36). Unfortunately, complete maps of other enzyme systems involved in these processes are presently not available, since immunohistochemical studies on these enzymes have focused on restricted brain regions (37-39).
Selenium-dependent glutathione peroxidase, which is involved in the reduction of cytosolic H202, has been reported to be homogeneously distributed in the brain and exclusively located in glial cells (40) .
The available data apparently indicate a co-localization of catalase and Mn-SOD, which is particularly abundant in region CA3 of the hippocampus (37), in neurons of the septal nuclei (38) , and in large-to medium-sized cells in the corpus striatum (39) .
On the basis of the few available data concerning immunolocalization of Cu,Zn-SOD in the brain, no correlation between this enzyme and catalase appears to emerge, at least in the hippocampus (41) .
Glutathione reductase, another enzyme involved in cell protection against ROS, shows a quite different pattern of expression with respect to catalase: the most immunoreactive regions appear to be the CAI region of the hippocampus, the substantia nigra pars compacta, and the dorsal striatum, whereas the globus pallidus, the CA3 region of the hippocampus, the substantia nigra pars reticulata, and all of the nuclei located in the hindbrain appear faintly immunostained (42). These data suggest that there may be an inverse correlation between the expression of catalase and glutathione reductase, the former occurring mostly in the brainstem and the latter in the phylogenetically more recent regions of the forebrain.
In conclusion, our study extends knowledge about the distribution of catalase in brain to the cellular level and demonstrates that this enzyme is not uniformly distributed in neural tissue, thus allowing a more precise correlation between peroxisome density and cellular susceptibility to oxygen radical damage. Furthermore, it opens the way for comparative studies on catalase and other enzymatic systems involved in free radical removal.
